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CHIMERIC GENE FOR THE 
TRANSFORMATION OF PLANTS 


This is a continuation of application Ser. No. 846,211 
fled on Mar. 4, 1992, now abandoned. 


BACKGROUND OF THE INVENTION 


The present invention relates to novel transit peptide DNA 
sequences, to novel chimeric genes and io their use in plants 
for conferring to them an increased tolerance to herbicides 
in general especially to those of the phosphonomethylgly- 
cine family. It also relates to the plant cells transformed by 
_ these genes, to the transformed plants regenerated from 


these cells as well as to the plants derived from crossbreed- ! 


ings using these transformed plants. 

Glyphosate, sulfosate or fosametine are broad-spectrum 
systemic herbicides of the phosphonomethy]-glycine family. 
They act -essentially as competitive inhibitors of 
5-(enolpyruvyl)shikimate-3-phosphate synthase (EC 
2.5.1.19) or EPSPS in relation to PEP (phosphoenolpyru- 
yate). After their application to the plant, they are translo- 
cated inside the plant where they accumulate in the rapidly 
growing parts, in particular the caulinary and root apexes, 


2 


these novel chimeric genes, to the novel transit peptides 
which they contain as well as to the plants containing them 
which are made more tolerant by an accumnulation of the 
mutant enzyme, in its mature form, in the plants. 

More particularly, the subject of the invention is a chi- 
meric gene for conferring to plants an increased tolerance to 
a herbicide whose target is EPSPS, comprising, in the 
direction of transcription, a promoter region, a transit pep- 
tide region, a sequence of a gene encoding a glyphosate 
tolerance enzyme and an untranslated polyadenylation sig- 
nal region at the 3' terminus, wherein the transit peptide 
region comprises, in the direction of transcription, a transit 
peptide of a plant gene encoding a plastid-localised enzyme, 
a partial sequence of the N-terminal mature part of a plant 
gene encoding a plastid-localised enzyme and then a second 


transit peptide of a plant gene encoding a plastid-localised 


enzyme, 


The invention also relates to any DNA sequence of the 
transit peptide region defined above. 
The transit peptides which can be used in the transit 


"peptide region may be known per se and may be of plant 


origin, for example, derived from maize, sunflower, peas, 
tobacco or the like. The first and the second transit peptides 
may be identical, analogous or different. They may in 
addition each comprise one or more transit peptide units. A — 


cansing the deterioration and even the destruction of sensi- > sequence derived from the SSU of the ribulose 1,5-diphos- 

tive plants. phate carboxylase oxygenase CRuBisCO) gene is preferably 
Plastidial EPSPS, the main target of these products, isan used. , 

enzyme of the aromatic amino acid biosynthesis pathway The partial sequence of the N-terminal mature part is 

which is encoded by one or more nuclear genes and syn- 5 derived from a plant gene encoding a plastid-localised 


thesised in the form of a cytoplasmic precursor and then 
imported into the plastids where it accumulates in its natural 
fom. 

The tolerance of plants to glyphosate and to products of 
the family is obtained by the stable introduction inside their 


genome of an EPSPS gene of plant or bacterial origin mutant = ie ivceay — . ma Lanes ria 
or nonmutant with respect to the characteristics of the - ; 
renee : . the SSU of the ribulose 1,5-diphosphate carboxylase oxy- 
inhibition of the product of this gene by glyphosate. Given nBisCO 5 ca cee tesa used 
the mode of action of glyphosate and the degree of tolerance genase (R = ) gene : Pp : y —_ Poe a 
to glyphosate of the product of the genes used, itis usefulto 4) Construction of the entire transit region may be carried 
be able to express the product of translation of this gene so out in a manner known per sé, In particular by fusion or any 
as to permit its substantial accunmulation in plastids. other suitable means. The role of this characteristic region is 
nee eee 
confer to a plant a tolerance to a herbicide of the above- ere 7 . | 
mentioned type, in particular N-(phosphonomethyl)glycine 45 _ The coding sequence for herbicide tolerance which may 
or glyphosate, by introdncing into the plant genome a gene be used in the chimeric gene according to the invention 
encoding an EPSPS carrying at least one mutation making encodes a mutant EPSPS having a degree of glyphosate 
this enzyme more resistant to its competitive inhibitor tolerance. This sequence, obtained in particular by mutafion 
(glyphosate), after localisation of the enzyme in the plas- of the EPSPS gene, may be of bacterial ongin, 10f example 
tidial compartment. However, these techniques need to be 50. derived from Salmonella typirymurnan (and called in the text 
improved in order to achieve greater reliability in the use of nite meine shale aoe on to pelea Abe ie 
« ; 1 TX peruma . S 
Eicer lane ea See epee one or more mutations, for example the Pro 101 to Ser 
5 “mutation or alternatively. the Gly 96 to Ala mutations. 
SUM es ea - 55 The promoter segion of the chimeric gene according to the 
In the present description, “plant” is understood as mean- invention may consist advantageously of at least one pro- 
ing any differentiated multicellular organism capable of moter on a fragment thereof of a gene which is expressed 
photosynthesis and “plant cell” any cell derived from a plant naturally in plants, that is to say promoters of viral origin 
and capable of forming undifferentiated tissues such as such as that of 35S RNA of the cauliflower mosaic virus 
calluses or differentiated tissues such as embryos or plant ¢ (CaMV35S) or of plant origin such as the small subunit of 
sections, plants or seeds. the ribulose 1 ,5-diphosphate carboxylase (RuBisCO) gene 
The subject of the present invention is the production of of a crop such as maize or sunflower. 
transformed plants having an increased tolerance to herbi- The untranslated polyadenylation signal region at the 3’ 
cides in general and especially to those of the phosphonom- terminus of the chimeric gene according to the invention 
ethylglycine family by regenerating cells transformed by 65 may be of any origin, for example bacterial, such as the 


means of novel chimeric genes comprising a gene for 
tolerance to these herbicides. The invention also relates to 


enzyme, such as for example a maize, sunflower or pea gene 
or the like, it being possible for the original plant species to 
be identical, analogous or different from that from which the, 
first and second transit peptides are derived respectively. 
Furthermore, the partial sequence of the mature pan may 


nopaline synthase gene, or of plant origin, such as the small _ 
subunit of the maize or sunflower RuBisCO. - 
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‘The chimeric gene according to the invention may com- 
prise, in addition to the above essential paris, an untranslated 
intermediate region (linker) between the promoter region 
and the coding sequence which may be of any origin, 
bacterial, viral ‘or plant. 


DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 


EXAMPLE | 


‘Construction of a Chemeric Gene 


The construction of the chimeric gene according to the 
invention is carried out using the following elements: 

1) ‘Double CaMV” promoter (that is to say part of which 
has been duplicated): The CaMV35S promoter was isolated 
by Odell et al (1985). A clone, pJO 5-2, containing about 850 
bp upstream of the site of initiation of transcription was cut 
- with EcoRI-HindIil, the ends of this isolated fragment were 
made blunt using Klenow polymerase and the fragment 
inserted at the HinclI site of the vector pUC19 (Yannisb- 
Perron et al., 1985). This promoter was digested with Clal, 
the ends filled using Klenow polymerase and then redigested 
with HindiiL A HindIil-EcoRV fragment, isolated from the 
same initial promoter, was introduced between these two 
sites. The promoter thus obtained possesses a double ampli- 
fication region upstream of the regulatory elements of the 
CaMV35S promoter. It was introduced in the. form of a 
Hindll-EcoRI fragment into the vector pRPA-BL 150 A 
alpha 2, described in French Patent Application 88/04130, 
cut with Hindi and EcoRL 

2) Transfer region: the two transit peptides as well as the 
mature protein elements used are derived from the cloned 
cDNA of the small subunit of the gene of maize RuBisCO 
whose gene has been described by Lebrun et at. (1987), and 
from the cloned cDNA of the small subunit of the gene of 
sunflower RuBisCO, isolated by Waksman et al. (1987). 
More specifically, the transit region, called optimised transit 
peptide, comprises, in the direction of translation: 

a transit peptide of the small ‘subunit of sunflower 

RuBisCO, 

an N-terminal sequence of 22 2 amino acids of the mature 

part of the small subunit of maize RuBisCO, 


a transit peptide of the small subunit of maize RuBisCO. 
The construct using this optimised transfer peptide is 
called pDRPA-BL 410. 


Other similar sequences may be used which contain 


sequences of 10 to 40 and preferably 18 and 33_amino acids 5 


respectively. 

In order to provide a comparative element, another con- 
struction was carded out using a first transit peptide and the 
same mature sequence part but without a second transit 
peptide, according to the prior art (pRPA-BL 294). 

3) Structural gene: it is derived from the mutant gene at 
the position (Pro 101 to Ser) of EPSPS of Salmonella 


10 


20 


(Fraley et al., 1983; Patent Application PCT 84/02913) 
which was treated with Klenow polymerase and cloned in 
the Smal site of M13 mp 18 in order to introduce the BamHi 
and EcoRI sites at the 3 and 3' ends respectively. 

After cutting with BamHI and treating with Vigna radiata 
nuclease followed by cutting with EcoRI and treating with 
Klenow polymerase, the resulting fragment was introduced 
in the vector p-BL 20 (cf. French Patent Application 
88/0413), cut by Xbal and BamHI and treated with Klenow 
polymerase. After recutting with Sall and Sstl, a fragment of 
about 0.4 kbp containing the 3' nos sequence on the side of 
the Sall site and the right end on the T-DNA side of the Sst 
site is obtained. 

‘The assembly of the various elements ¥ was carried out in 
the following mamner: 

“Transit peptide of the SSU of the maize RuBisCO/ArmA 
gene” fnsion: 

The transit peptide of the SSU of the maize RuBisCO 
gene is derived. from a 192-bp EcoRI-Sphil fragment 
obtained from the cDNA corresponding to the SSU- gene of 
the maize RuBisCO gene, described by Lebrum et al. (1987), 


‘possessing an Neol site spanning the initiation codon for 


translation and an SphI site corresponding to the cleavage 
site of the transit peptide. 

Translational fusion is obtained between the maize transit 
peptide and the bacterial EPSPS gene by treating the Sphl 
end with bacteriophage T4 polymerase and by ligating it 
with the Klenow polymerase-treated Neol end of the AroA 
gene from pRPA-BL 104, recut. with EcoRL | 

Transit peptide of the SSU of maize RuBisCO/sequeance 
of 22 amino acids of the mature part of the SSU of maize 


RuBisCO/AroA gene fusion: 


typhymurium isolated by Stalker et al. (1985). The pMG34-2 | 
clone (provided by Calgene) was linearised with Xbal and 


then treated with Vigna radiata nuclease. After recutting 
with Smal, the two blunt ends were ligated. The clone 


§0 


obtained possesses an Ncol site in the initiator ATG as well. 


_as 2 17-bp SalI site downstream of the stop codon. This 
clone was called pRPA-BL 104. 

4) Polyadenylation signai region: the fragment is derived 
from the nopaline synthase gene of p1i37 (Bevan et al., 
1983). This site is contained in a 260-bp Mbol fragment 


Similarly, a 228-bp EcoRI-Hindil fragment of the cDNA 
of the SSU of the maize RuBisCO gene is ligated with the 
Klenow polymerase-treated Ncol end of the AroA gene from 
pRPA-BL 104 and recut with EcoRI. A translational fusion 
is obtained, between the transit peptide of the SSU of maize 
RuBisCO, the 22 amino acids of the mature part of the SSU 
of maize RuBisCO and the bacterial EPSPS gene. 

Transit peptide of the SSU of sunflower RuBisCO: 

The fragment is derived from the cDNA isolated by 
Waksman and Freyssinet (1987). An Sphl site was created at 
the cleavage site of the transit peptide according to the 
method of Zoller and Smith (1984). The transit peptide of 
the SSU of sunflower RuBisCO thus obtained is a 171-bp 
EcoRI-Sphl fragment. 

Transit peptide of the SSU of sunflower RuBisCO/se- 
quence of 22 amino acids of the mature part of the SSU of 


| maize RuBisCO/AroA gene fusion: 


The construct containing the transit peptide of the SSU of 
maize RuBisCO/sequence of 22 amino acids of the SSU of 
maize RuBisCO of the mature pan of the maize gene fusion 
was cut with 171-bp EcoRI-Sphi corresponding to the transit 

eptide of the SSU of sunflower RuBisCO. A resulting 
construct exhibits a substitution of the EcoRI-Sphi fras- 
ments and is a translational fusion “transit peptide of the 
SSU of sunflower RuBisCO/sequence of 22 amine acids of 


.the mature part of the SSU of maize RuBisCO/ArmA gene”. 


The EcoRI-Sall fragment was ligated with the Sall-Sstl 
fragment containing the 3' nos sequence and the right end of 
the T-DNA. The resulting EcoRI-Sstl fragment, compmnising 
“transit peptide of the SSU of sunflower RuBisCO/sequence 
of 22 amine acids of the mature part of the SSU of maize 
RuBisCO/AroA gene/3' nos/T-DNA night end”, is substi- 
tuted for the EcoRI-SstI fragment containing the right end of 
the T-DNA of the plasmid 150 A alpha 2 containing the 
double CaMY. promoter. The transcriptional fusion “double 
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CaMV/transit peptide of the SSU of sunfiower RuBisCO/ 
sequence of 22 amine acids of the mature part of the SSU of 
maize RuBisCO/AroA gene/3' nos” in the vector 150 A 
alpha 2 was called pRPA-BL 294. “Transit peptide of the 
SSU of Sunflower RuBisCO/sequence of 22 amine acids of 
the SSU of maize RuBisCO/transit peptide of the SSU of 
maize RuBisCO/AroA gene” fusion: | 

The above construct is cut with Ncol-HindIll, releasing 
the Area gene. Next it is ligated with a 1.5 kbp Neol-HindIl 
fragment containing the “transit peptide of the SSU of maize 
RuBisCO/AroA gene” fusion. A resulting construct exhibits 
a substitution of the Ncol-Hindiil fragments and is a trans- 
lational fusion “transit peptide of the SSU of sunflower 
RuBisCO/sequence of 22 amine acids of the SSU of the 
RuBisCO of the matmre part of the maize gene/transit 
peptide of the SSU of maize RuBisCO/AroA gene”. 

The EcoRI-Sall fragment was ligated with the Sall-Ssi 
fragment containing the 3’ nos sequence and the right end of 
the T-DNA. The resulting EcoRI-Sstl fragment comorising 
‘transit peptide of the SSU of sunflower RuBisCO/sequence 
of 22 amino acids of the SSU of the RuBisCO of the mature 
part of the maize gene/transit peptide of the SSU of maize 
RuBisCO/AroA gene/3’ nos/TDNA fight end” is substituted 
for the EcoRI-Sstl fragment containing the right end of the 
T-DNA of the plasmid 150 A alpha 2 containing the double 
CaMV promoter. The transcriptional fusion “double CaM'V/ 
transit peptide of the SSU of sunflower RuBisCO/sequence 
of 22 amino acids of the SSU of the RuBisCO of the mature 
part of the maize gene/transit peptide of the SSU of maize 


RuBisCO/AroA gene/3' nos” in the vector 150 Aalpha2 was 3 


called pRPA-BL “410. 
EXAMPLE 2 


Resistance of the Transformed Plants 


1. Transformation: 


The vector is introduced into the pononcogenic agrobac- 
tenum strain EMA 101 (Hood et al., 1987) carrying the 


cosmid pT VK 291 (Komari et al, 1986). The transformation | 


— is based on the procedure at Horsh et al. (1985). 
2. Regeneration: 
The regeneration of the tobacco PBD6 (source SEITA 
France) using foliar explants is carried out on a Murashige 


4 
and Skoog (MS) basic medium containing 30 g/1 of sucrose 


and 200 g/ml of kanamycin. The foliar explants are removed 
from greenhouse- or in vitro-grown plants and transformed 
according to the foliar disc method (Science 1985, VoL 227, 
p. 1229-1231) in three successive stages: the first comprises 
- the induction of shoots on an MS medium supplemented 
with 30 e/l of sucrose containing 0.05 mg/l of naphthylacetic 
acid (ANA) and 2 mg/l of benzylaminopurine (BAP), for 15 
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"these conditions, it is observed that for the tobacco plants 


15 


49 


days. The shoots formed during this stage are then devel- ~ 


oped by culturing on an MS medium supplemented with 30 . 


g/l of sucrose, but not containing; hormone, for 10 days. The 
developed shoots are then removed and they are cultured on 
an MS planting medium containing half the content of salts, 

vitamins and sugars and not containing hormone. After 
about 15 days, the deeply-rooted shoots are placed in soil. 

3. Measurement of the glyphosate tolerance: 

a) In vitro: the tolerance is measured by weighing the 
mass of calluses extrapolated to 100 foliar discs of 0.5 cm 
in diameter, after 30 days of growth on an MS medium 
supplemented with 30 2/1 of sucrose, 0.05 mg/ of naphtha-_ 
leneacetic acid and 2 mg/l of BAP containing 35 ppm of 
glyphosate and 200 micrograms/ml of kanamycin. Under 


t 
7) 


modified by the chimeric gene of pRPA BL 410 according to 
the invention, the mass of calluses is 34 g whereas for the 
plants modified by the chimeric gene without a second 
transit peptide, the mass is only 12 g. 

b) In vivo: 30 plants derived from the regeneration of the 
tobaccos transformed using pRPA-BL 294 and pRPA-BL 
410 respectively are transferred to a sreenhouse and treated 
at the 5-leaf stage by spraying with an aqueous suspension 
at a dose corresponding to 0.6 kg/ha of glyphosate (Round 
up). After 21 days, a phenotypic examination is carried out 
of the plants relative to untransformed control plants, Under 
these conditions, it is observed that the plants transformed 
using pPRPA-BL 410 possess a negligible phytotoxicity 
whereas the control plants are completely destroyed; more- 
over, the plants transformed using a chimeric gene, which’ 
differs from the preceding one by the absence of a second 
transit peptide, possess a phytotoxicity of not less than 30% 
destruction. 

These results clearly show the improvement brought by 
the use of a chimeric gene according to the invention for the 
same gene encoding the glyphosate tolerance. 

The transformed plants according to the invention may be 
used as parents for producing lines and hybrids having an 
increased tolerance to glyphosate. 


EXAMPLE 3 


Spring colzas, Westar cultivar, resistant to glyphosate, 
were obtained using the method of BOULTER et al., 1990 
(Plant Science, 70: 91-99), with pRPA-BL 410. These plants 
were resistant to a greenhouse treatment with glyphosate at 


- 400. 


2 as/ha, a treatment which destroys nontransgenic plants. 
We claim: 
1. A nucleic acid construct which codes for a polypeptide 

sufficient for localization of a gene product mn a chloroplast 

of a plant cell which polypeptide compmnises a fusion which 
in the direction of translation comprises a first chloroplast 
transit peptide from a ribulose-1 ,5-bisphosphate carboxylase 
small subunit, an N-terminal domain of a mature ribulose- 
1,5-bisphosphate carboxylase small subumit protein and a 
second chloroplast transit peptide from a ribulose-1, 5~bis- - 
phosphate carboxylase small subunit. 
2. The nucleic acid construct of claim 1 eke said first 
chloroplast transit peptide and said second chloroplast tran- 
sit peptide have. identical amino acid sequences. 
3. The nucleic acid construct of claim 1 wherein said frst 
chloroplast transit peptide and said second chloroplast tran- 


’ sit peptides each have different amino acid sequences. 


4, The nucleic acid construct of claim 1 wherein said first 
or second -transit peptide is a transit peptide of a maize 
ribulose-1,5-bisphosphate carboxylase small subunit. 

5, The nucleic acid construct of claim 1 wherein said 
N-terminal domain is an N-terminal domain of a mature 
maize ribulose-1,5-bisphosphate carboxylase small subunit. 

6. The nucleic acid construct of claim 1 wherein said frst 
or second transit peptide and said N-terminal domain are 
from the same 1] iia aa a carboxylase small subunit 
protein. 

7. The nucleic acid construct of claim 1 wherein said first 
or second transit peptide is a transit peptide of a sunflower 
ribulose-1,5-bisphosphate carboxylase small subunit. 

8. The nucleic acid construct of claim 1 wherein said 
N-terminal domain is an N-terminal domain of mature 
sunflower ribulose-1,5-bisphosphate carboxylase small sub- | 
anit, 
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9, The nucleic acid construct of any of claims 1, 5, 6 or 
8 wherein said N-terminal domain comprises about 10 to 
about 40 amino acids. 

10. The nucleic acid construct of any of claim 1, 5, 6 or 
8 wherein said N-terminal domain comprises about. 18 to 
about 33 amino acids. 

LL A nucleic acid construct which codes for a polypeptide 
sufficient for localization of a gene product in a chloroplast 
of a plant cell which polypeptide comprises a fusion which 


oat 
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in the direction of translation comprises a first chloroplast 
transit peptide from a sunflower ribulose-1,5-bisphosphate 
carboxylase small subunit, approximately 22 amino acids 
from the N-terminal region Of a mature maize ribulose-1, 
5-bisphosphate carboxylase small subunit and a second 
chloroplast transit peptide from a maize ribulose-1,5-bis- 
phosphate carboxylase small subunit. 
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DATED: “April 23, 1996 | 


INVENTOR(S) : Michel | Lebrun, et al. 


It is certified that error appears in “the snore: indentified iil and that said Letters. 5 Patent is hereby: 
corrected as shown below. 


Column 2, line 27: "CRuBisCo)" should read 

--(RuBisCo)=-. | - | | : 

a Column 2. line 35: "pan" should read --part=-- =“ 
Column 3, line 13: "Chemeric" should. read 


--Chimeric~— a o : : 
Column 3, line 22: "HinclI" should read --HimeII-- 
Column 3, line 53: "carded" should read -~carried=- 
Column 4, line 52: Ypan" should read --part--_ 

; Column 4, lines 57 & 63: "amine" should read 

 --amino-~ - . 4s : 

| Column 5, lines 2, 5 & 14: “amine” should read 

--amino-~ ; 


Column 5, Line 5: "Sunflower" should read. 
--sunflower-~ _. , > 
Column 5, line 3: "Area" should read -~AroA-— 


| Colum 5, line 23: "IDNA fight" should. read 
--T-DNA right-- . 7 


a 


ae 


{ 
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+ 
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~-claims-- | 7 : 
Column 8, line 4, Claim 11: "Of" should read --0f-- 
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Chloroplast Transport of a Ribulose Bisphosphate Carboxylase Small 
Subunit-5-Enolpyruvyl 3-Phosphoshikimate Synthase Chimeric 
Protein Requires Part of the Mature Small Subunit in Addition to the 


Transit Peptide* 


(Received for publication, September 8, 1987) 


Luca Comaiz, Nancy Larson-Kelly, Jobn Kiser, Christopher J. D. Mau§, Ann R. Pokalsky, 
Christine K. Shewmaker, Kevin McBride, Aubrey Jones, and David M. Stalker 


From Calgene Inc., Davis, California 95616 


Ribulese bisphosphate carboxylase small subunit 
protein is synthesized in the cytoplasm as a precursor 
and transported into the chloroplast where the amino- 
terminal portion, the transit peptide, is removed pro- 
teolytically. To obtain chloroplast delivery of the 43- 
kDa 5-enolpyruvy! 3-phosphoshikimate (EPSP) syn- 
thase of Salmonella typhimurium, we constructed fu- 
sion proteins between the bacterial EPSP synthase and 
the ribulose bisphosphate carboxylase small subunit. A 
fusion protein consisting of the transit peptide fused to 
the EPSP synthase was not transported in vitro or in 
vivo into chloroplasts. A second fusion protein consist- 
ing of the transit peptide and 24 amino acids of the 
mature small subunit fused to the EPSP synthase was 
transported both in vitro and in vivo inte chloroplasts. 
It was processed into two polypeptides of 46 and 47 
kDa, respectively. This heterogeneity in processing 
was not caused by the presence of the aroA start codon, 

‘since its removal resulted in the same pattern. Substi- 
tuting 24 different amino acids for the 24 amino acids 
of the mature small subunit resulted in a fusion protein 
that was not transported into the chloroplast. It was 
concluded that a portion of the mature small subunit 
was needed for efficient chloroplast delivery. 


earner arth CSA TTT Ne 


We are interested in the requirements for engineering 
transport of nonchloroplast proteins into the chloroplast. 
Most plant proteins are synthesized by cytoplasmic ribo- 
somes. As chloroplasts are the site of many metabolic path- 
ways and the chloroplast genome has a limited coding capac- 
ity, transport of proteins into the chloroplast is a critical 
function of the cell. Protein transport into chloroplasts is 
initiated by the binding of a protein precursor to a receptor 
on the chloroplast envelope (Chua and Schmidt, 1978; High- 
field and Ellis, 1978; Cline et al, 1985). The precursor consists 
of an amino-terminal portion, called the transit peptide, and 
a carboxyl-terminal mature portion. The bound precursor is 
imported via an energy-requiring mechanism (Grossman et 
al., 1980) and digested inside the chloroplast by a stromatic 
protease (Robinson and Ellis, 1985) to remove the transit 


peptide and leave the mature protein. bo dk clone (Berry-Lowe et al, 1982). TSSU3-8 and TSSU3-2 are genomic 
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Teproduced in vitro using precursor peptides and isolated 
chloroplasts (Bartlett.et al, 1982). 

Addition of the RuBP’ carboxylase small subunit transit 
peptide to neomycin phosphotransferase (Reiss et al., 1984) 
resulted in delivery to the chloroplast of a chimeric protein 
(Yan den Broek et al., 1985: Schreier et a/., 1985). The smal? 
subunit transit peptide was also used to transport in vitro a 
cytosolic heat shock protein into pea chloroplasts (Lubben 
and Keegstra, 1986). We wanted to know whether a similar 
approach could be applied to a different protein. The aroA 
gene of Salmonella typhimurium codes for an enzyme of the 
shikimic acid pathway called 5-enolpyruvyl 3-phosphoshiki- 
mate (EPSP) synthase (IC 2.5.1.19; also 3-phosphoshikimate 
l-carboxyvinyitransferase). Expression of a mutant form of 
this gene in tobacco and tomato resulted in the presence of 
bacterial EPSP synthase in the cytoplasm and tolerance to 
the herbicide glyphosate (Comai et al, 1985). The correspond- 
ing plant enzyme is localized in the chloroplast (Bickel et cl, 
1978; Mousdale and Coggins, 1985) although the presence of 
a cytoplasmic pathway for synthesis of aromatic amino acids 
has been suggested (Rothe et al, 1983). A cloned Petunia 
EPSP synthase gene was shown to code for a precursor having 
a 77-amino acid transit peptide (della-Cioppa et al, 1986). 
The bacterial EPSP synthase thus is an interesting candidate 
to be engineered for chloroplast transport. The RuBP carbox- 
ylase ssu gene was chosen as the donor of transit peptide- 
encoding sequences since it is a well characterized plant gene, 
and the results could be compared to those obtained with 
chimeric fusions to the neomycin phosphotransferase protein. 

Our results, obtained by in vitro and in vive uptake studies 
on ssu-EPSP synthase chimeric proteins, indicate that EPSP 
synthase, like neomycin phosphotransferase, can be trans- 
ported into chloroplasts. However, we report that a portion 
of the mature small subunit polypeptide in the chimeric 
protein was required for efficient chloroplast transport. 


EXPERIMENTAL PROCEDURES 


Strains and Plosmids—Escherichia cok LC3 is an eroA mutant 
described by Comai et ol. (1983). Strain MM294 has been described 
by Maniatis et al. (1982). Vectors based on the loc gene system were 
used in strain 7118 (Alac, proAB) thi, supE F’ proAB lac BZAM15, 
Three RuBP sau clones were used, pSRS2.1 is a genomic soybean 





2The abbreviations used are: RuBP, ribulose bisphosphate; ssu, 
small subunit protein; EPSP, 5-enolpyruvyl 3-phosphoshikimate; T- 
DNA, transfer DNA; tml, large tumor locus of Ti plasmid T-DNA; 
CaMV, cauliflower mosaic virus; ocs, octopine synthase locus of Ti 
plasmid T-DNA; kb, kilobase(s); SDS, sodium dodecy] sulfate. Kan, 
kanamycin resistance gene encoding neomycin phosphotransferase. 
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tobacco clones (O'Neal et al, 1987). pSS15 is a pea cDNA clone 
(Coruzzi et al, 1983). The transit peptide regions of the soybean and 
tobacco ssu are 75% homologous. Both were used for in vivo plant 
expression. The first only was used for in vitro transport studies. 

DNA manipulations were carried out according to established 

procedures (Maniatis et al, 1982). Manufacturers’ specifications were 
followed where applicable. The croA gene clone used was made as 
follows: pPMG31i (Stalker et al, 1985) was digested with Hindill, 
recessed about 150 base pairs with Bal31, BamHI linkers ligated to 
the linear DNA; and the DNA digested with BamHI and Sall. The 
resulting fragment carried the aroA gene with 8 base peirs of the 5’- 
untranslated region (TGAGTTTC-sense strand). The fragment was 
inserted into M13mp9 (Vieira and Messing, 1982), and digested with 
BamHI and SalI to yield the phage M13-65B48. 
- The pUC derivatives pCGN565 and 566 were constructed by Vic 
Knauf (Calgene Inc.) as follows. pUC12 (Cm®) and pUC13 (Cm‘) 
(Buckley, 1985) were each digested with EcoRI and HindUl, and 
polylinkers from pUC18 and pUCi9 were inserted, respectively, into 
the lineerized pUC12 and pUC13 to give pCGNO65 and pCGN5dé66, 
respectively. Each of the plasmids carries a chloramphenicol resist- 
ance marker instead of the ampicillin resistance. 

Amino-terminal Modification of croA—M13-65B48 was digested 
with Nori and PstI, generating an aroA fragment lacking the DNA 
region 5’ of the Nar! site, corresponding to the amino-terminal 
portion of the gene. This fragment was cloned in pUCs8 cut with Accl 
and PstI, resulting in pPMG858. This plasmid encodes a lac-aroA 
fusion protein in which 11 amino acids of the pUC8 lac a gene have 
been put in place of the 14 amino acids of the NH, terminus of aroA. 
Plasmid pPMG34 has been described previously (Stalker et al, 1985). 
The BamHI toe Sail fragment containing the aroA was cloned in 
pUC9, resulting in pPMG34.1. Starting from the BamHiI site, the 5°- 
untranslated region of the araA gene was recessed by treatments with 
T4 DNA polymerase in the presence of a single nucleotide triphos- 
phate, followed by mung pean nuclease digestion. After each T4 DNA 
polymerase and mung been treatment, the fragment was subcloned 
as a blunt end to Sall insert into a pUC vector, and transformants 
were screened for the expected product. After two of these steps a 
pUC18 clone was isolated in which the first nucleotide of the methi- 
onine codon was part of an Xbal site (... TCTAGATG). This plas- 
mid, called pPMG34.2, was cut with Xbal, treated with ‘T4 polymerase 
in the presence of dGTP, followed by mung bean nuclease and T4 
DNA ligase. The DNA wes transformed into E. coli LC3, an araA 
mutant, and transformants were selected on minimal medium. Sev- 
eral plasmids complementing the aroA phenotype were characterized. 
Plasmid pPMG34.3 was found to carry an arod-lac fusion in which 
the first nucleotide of the aroA methionine codon had been deleted. 

Construction of ssu-eroA Fusion—Plasmid pSRS2.1 was digested 
with EcoRI resulting in 3 fragment which includes 5’-untranslated 
region and the 5’-coding region of RuBP carboxylase ssu. This 
fragment was inserted into the EcoRI site of pCGN565 and pCGN566, 
respectively, resulting in pCGN330 and pCGN331. Plasmid pCGN331 
was then further digested with HindIII to provide the amino-terminal 
portion of the RuBP carboxylase ssu gene as a Hindlll-EcoRI frag- 
ment. The BamHI-Sall aroA fragment from M1365B48 was cloned 
in pCGNS65. The resulting plasmid, pPMG63, was linearized with 
Smal, ligated to Sphl linkers, and digested with Sphl and Sell. This 
Sphi-Sall fragment containing the aroA gene was inserted into 
pCGN566 to give pPMG64. Plasmid pPMG64 was digested with Spal, 
and a 0.6-kb pCGN330 SphI fragment was inserted into the Sphi 
site so as to provide the RuBP carboxylase ssu leader peptide in the 
proper orientation with the aroA gene. This construction results in 

an in-frame fusion between the transit peptide of the soybean ssu 
and the aroA gene. The sequence is as follows (ssu-linker-aroA}. 


ACAATGCATGC-CGGATCCCG-TGACTTTCATGGAA 


This plasmid wes called pPMG70. The promoter portion of the ssu 
gene was deleted from pPMG70 by digestion with HindIII and reli- 
gation, resulting in pPMG72. The ssu-aroA chimeric gene, called 
Fusion 1, was subcloned as a HindIII to EcoRI fragment in pSP64 
(Melton et al., 1994) resulting in pCGN1068. The vector pSP64 allows 
in vitro transcription of cloned DNA. 
Construction of ssu-aroA Fusion 3—This fusion was planned in 
such a way that 24 amino acids of the mature ssu peptide are present 
between the small subunit transit peptide and the araA sequence. 
Plasmid pCGN1068 was cut with Xbal. The resulting staggered ends 
were “filled” with the large £. coli DNA polymerase fragment (Klenow 
fragment). The plasmid was cut again with Smal and ligated, causing 
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the loss of a BamHI site present between the Xbal and Smal site. 

The resulting plasmid pCGN1075 was cut with EcoRI and Hindill 

releasing the ssu-aroA chimeric gene (Fusion 1). This gene was cloned 

in Bluescribe-M13 (Vector Cloning Systems, San Diego), resulting in 
pCGN1076, Plasmid pCGN1076 was cut with SphI and BamHi, and 
a 70-bese pair Sphi-Sau3A1 fragment from the pea ssu cDNA clone 
pSSU15 was ligated to pCGN1076 resulting in pCGN1077. The 
chimeric gene in pCGN1077 consisted of the transit peptide of the 
soybean ssu, part of the mature pea ssu (24 amino acids), and the 
aroA gene. It was designated Fusion 3. By digestion of pCGN1077 
with EcoRI and HindIll and subsequent ligation of the chimeric gene 
to pSP64, pCGN1086 was constructed. The chimeric ssu-araA gene 
in pCGN1086 can be transcribed in vitro. by the use of SP6-DNA 
polymerase. A control plasmid containing only the croA ‘gene was 
constructed by digesting pPMG34 with BamHI and Sall and cloning 
it in pSP64 treated with BamHI and Sall, resulting in pCGN1008. 

Construction of ssu-araA Fusion 4—To construct an ssu-aroA fu- 
sion similar to fusion 3 but lacking the start codon of the aroAgene, 
plasmid pPMG34.3 was digested with Sphkl, treated with mung bean 
nuclease to blunt the ends, and ligated. The resulting plasmid, 
pCGN1097, had lost the SpAl site. It ‘was digested with Smal and a 
decameric Sphi linker inserted. The plasmid was then. digested with 
Sphl and BamHi, deleting a section of the polylinker, and in its place - 
was inserted the 70-base pair SphI to Sau3Ai fragment from pSSU15 
to give pCGN1099. The mature ssu-aroA fusion protein was excised 
from this plasmid by digestion with SphkI and Soll and inserted in 
the similarly digested pCGN350 giving pCGN1100, which thus carries 
the whole fusion 4 ssu-croA chimeric gene. To construct pCGN350 
pPMG70 was digested with Ddel, blunted by treatment with the 
large fragment of FE. coli DNA polymerase I, digested with BamHI, 
and the so generated transit peptide coding fragment inserted in 
BoemHI and Smal-digested pUC8. i 

Construction of Fusion 24rand—-Plasmid pCGN1097 was digested 
with EcoRI, blunted by “filling in? the ends with the large fragment 
of E. coli DNA polymerase 1, and ligated in the presence of Sphi 
linkers. The new plasmid was digested with SphIl and BamHi, re- 
moving a section of the pUC polylinker. This sequence was replaced 
with the synthetic oligonucleotide 5‘-CTGGCCTCCGTGGAGA 
ACGGCATCCTGCTGGGCCAAGATCTGGTTGATCAGCTGTC- 
CATCCTGGTCACCCTG-3’ and complementary strand 3'-GTAC 
(complement of above)CTAG-5’. This double-stranded oligonucleo- 
tide has SphI and BamHI overhangs, and an internal Bgl2 site. A 
recombinant plasmid encoding the altered fusion protein was identi- 
fied by screening with Bgl2. Its structure was verified by sequencing 
the inserted DNA and the junctions. The SphI to Clal fragment of 
this plasmid was substituted for the SphI to Clal fragment of 
pCGN1106 to give pCGN1144. This resulted in a new ssu-aroA fusion 
called fusion 24rand in which the 24 amino acids from the mature 
smnall subunit had been exchanged with 24 new amino acids. 

In Vitro Synthesis and Transport into Chloroplasts of Wild-type 
aroA, Fusion J, and Fusion 3—Plasmids pCGN1008, pCGN10968, and 
pCGN1086 were linearized with EcoRL They were transcribed by the 
addition of SP6-RNA polymerase and nucleotide precursors accord- 
ing to the manufacturer’s specifications (Promega-Biotech, Madison, 
WI). The RNA was added to in vitro translation extracts from wheat 
germ (Bethesda Research Laboratories) and translated in the pres- 
ance of [“S]methionine (Du Pont-New England Nuclear). The re- 
sulting peptides were analyzed by SDS-polyacrylamide gel electro- 
phoresis. Each translation product was incubated with isolated spin- 
ach chloroplasts as described by Bartlett et al (1982). The 
chloroplasts were then treated with trypsin, if specified. Stromal and 
membrane fractions were separated as described in the reference 
above and analyzed by SDS-gel electrophoresis. 

Construction of Vectors for Expression in Plents—The Sphl site 
located at the junction between transit peptide coding region and the 
mature portion of the ssu is conserved between tobacco and soybean 
allowing convenient switching of the transit peptide region. The 1.8- 
kb HindIll-Sphl fragment of tobacco TSSU 3-8 containing 1.6 kb of 
5’ upstream sequences and the first 174 nucleotides of coding se- 
quences was cloned into pPMG72 restricted with Hindlil and Sphi 
creating pCGN650. A ssu polyadenylation site was added by ligating 
the 1.6-kb Sail fragment of pCGN632 into Sall cut pCGN650, thus 
creating plasmid pCGN652. pCGN632 was obtained by adding Sall 
linkers to a 1.6-kb HaelIl fragment from tobacco TSSU 3-2 followed 
by cloning of the 1.6 kb fragment into Sall cut pUC18. This fragment 
contains 123 nucleotides of exon 2, intron 2, exon 3, the polyadeny!- 
ation site, and 1 kb 3’ of the polyadenylation site. The 4.8-kb HindIll- 

Kpnil fragment of pCGN652 containing the tobacco ssu promoter and 
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transit peptide, the aroA gene, and ssu 3’ was cloned into pUC18 
resulting in pCGN654. For plant transformation, pCGN654 was 
recombined into pCGN587 via the homologous pUC region common 
to both plasmids, creating pCGN654/587. pCGN587 is a binary vector 
for plant transformation containing right and left T-DNA borders, 
an ocs-Kan-ocs marker and regions of pUC for recombination.’ 
pCGN654/587 was transferred to Agrobacterium LBA4404 in a tri- 
parental mating. pCGN 665 was obtained by replacing the 1.4-kb 
- Sphi-Sall fragment of pCGN 652 containing the fusion 1 aroA gene 
with the 1.4-kb-SphI-Safl fragment of pCGN1077 containing the 
fusion 3 eroA gene. pCGN655 was linearized with HindIll and in- 
serted into the unique Hind site of pCGN763 creating pCGN665/ 
763. Plasmid pCGN763 is a binary plant transformation vector de- 
rived from pCGN587 containing right and left tDNA borders, a CaMV 
35 S 5’-Kan-tml 3’ chimeric gene for selection in plants, and a 
bacterial gentamycin resistance gene. Plasmid pCGN665/763 was 
transferred to Agrobacterium LB4404 (Hoekema et al, 1983) by 
triparental mating. 

Fusion 3 and fusion 4 were also spliced to the 35 S promoter of 
CaMV (Shewmaker et al, 1985; Odell et af, 1985). An expression 
cassette having the CaMV 5’ region (from nucleotide 7146 to 7546) 
and the tm] 3’ region (T-DNA nucleotide 11208-9063, Barker et al, 
1983} was constructed by Kim Chonoles and Richard Gardner (Cal- 
gene Inc.) and called pCGN986. A similar cassette, pCGN1906, having 
the same 5’ region and the ocs 3’ (T-DNA nucleotide 12,823-11,207) 
was constructed by David Shintani (Calgene Inc.). Fusion 3 and 
fusion 4 were cloned into the polylinker region located between 
promoter and polyadenylation site of these expression vectors, re- 
sulting in pCGN1106 and pCGN1180, respectively. These plasmids 
were used for in vive transient assays involving electroporation of 
tobacco protoplasts (Fromm et af, 1985). The CaMV 35 S-ssu-araA 
chimeric genes were further subcloned into the binary vector 
pCGN5M. This binary is a derivative of pCGN587 from which the 
pUC-chloramphenico]l moiety has been deleted. Tobacco leaf discs 
were co-cultivated with Agrobacterium tumefaciens strain LBA4404 
(Hoekema et al, 1983) as previously described (Horsch et al, 1985). 
Transformants were screened for expression of aroA protein produc- 
tion by Western analysis (Comai et cL, 1985). One transformed plant 
containing each fusion construct and expressing about 500 ng of aroA 
protein/g of fresh leaf tissue was chosen for further characterization 
and maintained axenically. 

As acontrol in localization studies, a transformed plant expressing 
the bacterial EPSP synthase sequences but no ssu transit peptide 
was used, This plant was transformed with pCGN631/587 which 
contained the 1.6-kb 5‘ upstream sequences of tobacco ssu clone 3-8, 
the aroA gene from pPMG38 (Stalker et al, 1985), and an ocs 3!- 
polyadenylation site. 


RESULTS 


Construction of Chimeric Genes—EPSP. synthase js a cyto- 
plasmic protein in Salmonella. Chimeric genes consisting of 
plant promoter and polyadenylation regions, and the aroA 
gene are expressed in plants (Comai et al, 1985) and result in 
the presence of bacterial EPSP synthase in the plant cell 
cytoplasm, and, as expected, not in the chloroplast. We 
wanted to splice the transit peptide from the RuBP carbox- 
ylase ssu to the araA gene. We started by asking how amino- 
terminal modifications affected EPSP synthase activity. A 
series of modifications that were tested for enzyme activity 
by complementation of araA mutants of E. coli is shown in 
Fig. 1. Substituting the first 14 amino acids of the EPSP 
synthase with the 11 amino-terminal amino acids of the lac « 
peptide of pUC8 resulted in loss of activity. However, modi- 
fications extending the amino-terminal region from the first 
or second amino acid were active. Encouraged by the obser- 
vation that EPSP synthase tolerated the addition of amino 
acid residues to the amino terminus, we designed and con- 
structed the ssu-areA fusions shown in Fig. 2. Fusions 1 and 
3 incorporate, respectively, the first 1 and 24 amino acids of 
the mature ssu. Fusion 4 differs from fusion 3 in the linker- 
coded region end in the deletion of the argA start codon. 





27). Shintani and V. Knauf, unpublished results. 
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Fic. L. Effect of amino-terminal modifications on EPSP 
synthase activity. In the tap construct, pPMG58, the Nari site of 
aroA was spliced to the Accl site of pUC8. This resulted in deletion 
of the first 14 amino acids of aroA and an in-frame fusion to the 
amino terminus of the lac a fragment. This plasmid failed to comple- 
ment aroA-deficient mutants of E. colt indicating that substitution of 
these amino acids is not compatible with EPSP synthase activity. In 
pPMG63, the bottom construct, the amino-terminal portion of the lec 
a peptide of pUC18 is added on to the intact eroA gene. This plasmid 
complements eroA mutants; however, transletion could initiate at the 
original croA start codon. This possibility is ruled out in. pPMG34.3, 
the middle construct, where the starting methionine codon was deleted 
as described under “Experimental Procedures.” Since a chimeric 
protein is the only possible translational product and this plasmid 
complements aroA mutants we concluded that deletion of the first 
methionine codon and addition of a number of amino acids are 
compatible with enzymatic activity. Cross-hatched regions are from 
the lacZ a-fragment of pUC. Stippled regions are aroA sequences. 
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Fic. 2. Transit peptide fusions to EPSP syntheses. Cray re- 


_ gions are aroA sequences. The transit peptide of ssu is represented 


by the lined region. Open regions are ssu sequences encoding the 
mature RuBP carboxylase small subunit. 


Delivery of Bacterial EPSP Synthase into Isolated Chloro- 
plasts in Vitro—We cloned the wild type aroA gene and ssu- 
aroA fusion genes in the SP6 transcription vector pSPé4 
(Melton et al, 1984), transcribed, and translated them in 
vitro. Translation of mRNA from pCGN1008 resulted in the 
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synthesis of a 43-kDa peptide corresponding in mobility to 
wild-type arod product. Translation of mRNA from 
pCGN1068 and pCGN 1086 resulted in peptides of 50 and 53 
kDa, respectively. Radiolabeled precursor was then incubated 
with isolated spinach chloroplasts. After incubation the chlo- 
roplasts were washed, treated with trypsin as noted, and the 
membrane and stromatic fraction was separated and analyzed 
by SDS-polyacrylamide gel electrophoresis (Fig. 3). Fusion 1 
protein is not efficiently transported into chloroplasts, as 
negligible amounts are found in either the membrane or 
stromatic fraction. Fusion 3 precursor protein is transported 
and two polypeptides are found in the stromatic fraction and 
have an M, of 47,000 and 46,000, respectively, the expected 
size for the processed product. A change in mobility of the 
translocated proteins is visible after trypsin treatment. T'his 
could indicate that transport is not complete and a portion of 
the protein is still accessible to trypsin. In support of this, 
smnall amounts of the 47-kDa species of EPSP synthase are 
present im the membrane fraction. Partial digestion upon. 
trypsin treatment of the chloroplasts could also be explained 
by limited access to the stroma by trypsin. Indeed, it has been 
reported that trypsin is capable of penetrating chloroplast 
memibranes (Cline et al., 1984; Joyard ez al, 1983). Alternately, 
the 47-kDa species could be the result of imprecise processing. 
Expression and Localization of Fusion Proteins in Plants— 
To provide conclusive evidence of chloroplast transport, the 
chimeric genes shown in Fig. 2 were spliced to plant pro- 
moters, introduced into binary vectors, and transgenic tobacco 
plants were generated by cocultivation. Plants expressing ssu- 
aroA fusion proteins were identified by screening transform- 
ants by Western -blot analysis (Comai et al, 1985). These 
plants were then characterized for localization of the protein 
by Western blot analysis of purified chloroplasts. The results 
are shown in Fig. 4 and agree with those observed in the in 
vitro uptake experiments. No bacterial EPSP synthase-re- 
lated protein is observed in chloroplasts of plants transformed 
with the wild type aroA gene. Transformation of plants with 
a gene expressing fusion 3 protein resulted in the accumula- 
tion in chloroplasts of two closely related proteins differing 
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Fic. 4 In vive transport of ssu-eroA fusion 3. Transgenic 
tobacco plants were obtained as described under “Experimental Pro- 
cedures.” to prepare intact chloroplasts in satisfactory yields proto- 
plasts were prepared from leaves ‘of plants grown under axenic con- 
ditions. Protoplasts, ie. whole cells, or chloroplasts were analyzed by 
Western blot as described by Comai et al, (1985). A and C, total 
cellular fraction; B and D, chloroplast fraction; A, B, araA gene 
expressed from the ssu promoter; C, D, ssu-aroA fusion 3 polypeptide 
expressed from the ssu promoter, E, standard, 250 ng of purified 
EPSP synthase. 


slightly in molecular weight but of the approximate size 

expected for correctly processed products. Transgenic plants 

expressing a CaMV 35 S-fusion 4 and a 35 S-fusion 3 chimeric 

gene, respectively, were compared and found to-give the same 

or undistinguishable protein pattern. Fusion 4 differs from 

fusion 3 in.the linker-coded peptide between the ssu and aroA 
region, and in the deletion of the aroA initiation.codon. Since 
it appeared to function similarly to fusion 3 we concluded 
that the presence of the doublet is not dependent on the 
section of linker and methionine codon differentiating fusion 
3 from 4. The ratio of the two bands in the doublet varied in 
different experiments from equimolar to highly weighed to- 
ward the bottom band. In addition, isolated chloroplasts were 
treated with the protease subtilisin. Treatment with subtilisin 
did not affect the 46-kDa protein species. It appeared, how- 
ever, that the 47-kDa species was sensitive to subtilisin (data 
not shown). In transient assay experiments tobacco proto- 


- plasts were electroporated with the gene encoding fusion 3 


(pCGN1106), fusion 4 (pCGN1180), and fusion 24rand 
(pCGN1144), fused to the CaMV 35 S promoter. Western bict 
analysis of extracted proteins showed that expression of fu- 
sion 3-and 4 resulted in the accumulation of the same molec- 
ular weight bands seen in transgenic plants. However, no 
aroA-related protein was observed with fusion 24rand indi- 
cating that this fusion protein cannot be transported into the 
chloroplast. | 


DISCUSSION | 


We wanted to know whether the fusion to a transit peptide 
would allow the delivery to the chloroplast of a bacterial 
protein: the aroA-encoded EPSP synthase of Salmonella. The 
utility of transit peptide fusions has been demonstrated in the 
case of the kanamycin resistance protein, neomycin phospho- 
transferase. Our results differ from those reported with neo- 
mycin phosphotransferase in that part of the mature small 
subunit protein was required for significant transport of the 
aroA EPSP synthase into the chloroplast both in vitro and in 


vivo. Is this requirement peculiar to the aroA EPSP synthase 


or does it reflect a more general phenomenon? Some obser- 
vations support the latter hypothesis. Two different con- 
structs, one fusing the transit peptide to neomycin phospho- 
transferase (Van den Broek et al, 1985), and the other fusing 
to neomycin phosphotransferase the transit peptide plus 23 
amino acids of the mature small subunit (Schreier et al, 
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1985), were shown to deliver neomycin phosphotransferase 
into the chloroplast. It was reported that the first type of ssu- 
neomycin phosphotransferase fusion was more efficient at 
accumulating neomycin phosphotransferase within the chlo- 
roplasts of transgenic plants (Kuntz et al., 1986). However, 
comparison of the two types of neomycin phosphotransferase 
fusions in in vitro chloroplasts transport experiments showed 
that the second type, the one incorporating part of the mature 
small subunit, was more efficient (Wasmann et al, 1986). A 
possible explanation for the discrepancy between the in vitro 
and in vivo results in the case of neomycin phosphotransferase 
may be differential stability of the two chimeric proteins. 
Differential stability does not appear to be a factor in the case 
of the aroA protein as in vivo experiments confirm in vitro 
observation. Recently, della-Cioppa et al. (1987) have ob- 
tained chloroplast transport of the E. coli EPSP synthase by 
fusing it to a portion of the plant EPSP synthase. In the 
fusion, 27 amino acids of the amino-terminal portion of the 
mature plant EPSP synthase have been substituted for the 
bacterial EPSP synthase analogous region. Therefore, the 
fusion incorporates the transit peptide and part of the mature 
plant EPSP synthase protein. In this case, it would be inter- 
esting to know if the presence of the mature portion of the 
protein donating the transit peptide is required. 

In our experiments, the requirement for part of the mature 
small subunit sequence can be interpreted in different ways. 
it may be necessary for the transit peptide to be separated 
from the EPSP synthase by a spacer region. This could, for 
example, facilitate access of the transit peptide to a binding 
receptor, while steric hindrance may prevent efficient binding 
of fusion 1. The result with fusion 24rand indicates that the 
mere insertion of a stuffer region 24 amino acids in length 
‘Setween the transit peptide and the EPSP synthase is not 
sufficient for transport, thus weakening the hinge hypothesis. 
An alternative explanation is that some features of the pre- 
cursor protein immediately past the processing site are im- 
portant for the transport process. The 24-amino acid region 
- atthe amino terminus of mature seu is positively charged and 
mainly hydrophilic. When a synthetic region, negatively 
charged and for the most part hydrophobic, was substituted 
for the ssu region, the competency of transport into the 
chloroplast was lost. | 

In the case of neomycin phosphotransferase, this require- 
ment could be partially satisfied by the neomycin phospho- 
transferase amino-terminal region. Whatever explanation 
may apply, this suggests that the mere splicing of the ssu 
transit peptide to the amino terminus of a protein is not a 
reliable strategy for transport of foreign protein into the 
chloroplast. A unit composed of the transit peptide and a 
portion of the mature ssu may be needed for maximum 
transport efficiency. This will result in the presence within 
the chloroplast of a chimeric protein composed of the amino- 


terminal portion of the mature ssu joined to the protein of » 
‘nterest. The biological activity of the latter should thus be 


tolerant of amino-terminal additions. It is possible that dif- 
ferent proteins naturally imported within the chloroplast may 
display different requirements and that a specific structural 


requirement for the amino-terminal region of the mature 


protein may not be a general phenomenon. We are presently 
determining the minimum and the optimal number of mature 
ssu amino acid residues required for transport of the fusion 
protein. 
” An unresolved question is the observation that two related 
aroA-EPSP synthase polypeptides, of 47 and 46 kDa, are 
associated with chloroplasts. Trypsin treatment of isolated 
chloroplasts incubated with the fusion 3 polypeptide precursor 
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resulted in limited digestion of at least one of the transported 
proteins. This could be indicative of a possible association of 
the 47-kDa species with the outer membrane. Alternatively, 
it could be an artifact caused by the use of trypsin. Recent 
work utilizing chloroplasts isolated from transgenic plants 
expressing the gene encoding the fusion 3 polypeptide indi- 
cates that the 46-kDa species is protected from protease 
digestion. More studies will be needed to determine the cause 
of this apparent processing heterogeneity. Further evidence 
for correct delivery of the bacterial EPSP synthase into 
chloroplasts comes from the observation that plants express- 
ing the fusion 3 polypeptide display a distinctive glyphosate 
tolerance phenotype readily distinguishable from the. one 
conferred by cytoplasmic compartmentation of the aroA-en- 
coded EPSP synthase.’ 
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The Mode of Action of the Herbicide Glyphosate 


+ 


N. Amrhein, J. Schab and H.C. Stemriicken 
Arbeitsgruppe Hormonphysiologie der Pflanzen, Lehrstuhl fir Pflanzenphysiologie, 


Ruhr-Universitat, D-4630 Bochum 


Glyphosate(N-[phosphonomethyl} glycine, 
H,0-;P-CH2-NH-CH,-CO,H) is a unique 
broad-spectrum postemergence herbicide 
that combines the properties of good 
translocation in plants, rapid inactiva- 
tion by soil organisms, and low toxicity 
to organisms Other than plants [1] In the 
earliest published seport on the mode of 
action of glyphosate, Jaworski [2] pro- 
posed that the herbicide inhibits the bio- 
synthesis of aromatic amino acids and 
suggested the interference of glyphosate 
with chorismate mutase and/or prephenate 
dehydratase. This proposal was based on 
the observation that vhenylalanine, o1 
phenylalanine plus tyrosine, alleviated the 
growth inhibition of the higher plant 
Lemma gibba or of the bacterium Rhize- 
bium japonicurn caused by glyphosate. Re- 
version - of glyphosate-mediated growth 
inhibition by the synergistic action of 
phenylalanine and tyrosine was subse- 
quently found in a wide range of organisms 
(see [3] for references) and called for a 
mechanism of action that is applicable to 
bacteria, algae, and higher plants: 

Roisch and Lingens [4] tested Jaworski’s 
hypothesis {2], and found, nowever, that 
glyphosate does not inhibit chorismate 
mutase, nor prephenate dehydratase or 
prephenate dehydrogenase. -- 

In the course of our work on- inhibitors 
of the formation of phenylpropanoid sub- 
stances in buckwheat [5] we found .that 
glyphosate inhibits the synthesis of flavo- 
noids and of chlorogenic acid [6], which 
are biosynthetically derived from phenyl- 
alanine. Furthermore, the incorporation of 
'4C.Jabelled shikimate into all three aro- 
matic amino acids was suppressed, and shi- 


356 


kimate was not metabolized at ell in the 
presence of glyphosate [7]. This suggested 
to us that glyphosate interferes with the 
formation of the common precursor of the 
three aromatic amino acids, chorismate, 
by inhibiting any of the three enzymes that 
convert shikimate to chorismate: shiki- 
mate kinase, 5-enolpyruvyishikimate-3- 
phosphate synthase, or chorismate syn- 
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Fig. 1. Relationship between inhibition of an- 
thocyanin syathesis and accumulation of shi- 
kimic acid in buckwheat hypocotyls after 244 
incubation in light in presence of increasing 
concentrations of glyphosate (0.01—3 mM) 
General conditions of the experiment de- 
scribed in [10] 
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thase. If this were the case, the respective 
substrate, or a precutsor of it, might bes 
expected to accumulate in the presence of: fe 
the inhibitor, The fact that glyphosate ; ins 
hibited the metabolization of exogenous 
supplied **C-shikimate [7] indicated that! 
this precursor might be shikimate Wee 
found that buckwheat hypocotyls indeed: 
accumulate shikimate in the presence of 
glyphosate, and that a highly significant 
correlation is evident between the accom: 
lation of shikimate and the reduction of 
anthocyanin formation in the hyp ypocotyls 
in the presence of various. concentrations? 


the isolation, identification, and assay of 
shikimate will appear elsewhere), sw 
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The obvious es arene for this correla 
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quent to eae formation is tocreail 


lates: the ot of phen ylalanine e, wick 
is required for anthocyanin formation, is: 
consequently reduced. This result} 
prompted an investigation of the effect of= 
glyphosate on the activities of the threes} 
above-mentioned enzymes. As these enz| 
zymes have either not been detected ors} 
been insufficiently characterized in cell 
free extracts of higher plants, we chose fors 
this purpose an extract of the multiplys 
blocked auxotroph Aerobacter aerogenes 
strain 62-1, in which the metabolic conver=$ 
sion of shikimate to anthranilate can bes 
conveniently studied [8]. In the cell-freéz 
system, glyphosate inhibited the overall! 
reaction from shikimate to anthranilate: 
50% at 5 to 7pA¢ concentrations ands 
caused the accumulation of an acidic polars 
product, from which shikimate was re:3 
jeased upon treatment with alkaline phos#2 
phatase. The preduct, therefore, was shikiz{] 
mate-3-phosphate, and the enzyme inbibes 

tied by glyphosate was 5-enolpyruvylshiki:: = 
mate-3-phosphate synthase (Fig. 2). Wheat 
the enzymes involved in the transforma} 
tion of shikimate to anthranilate weres 
assayed individually with their appropriate: z 
substrates, it was found that of the fours} 
enzymes only S-enolpy se a =| 
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CH. O OF — Glyphosate o 98 at 

yo” 4 a cH, V7 = 

I \ aa - . “on { SS Si 

60,P0" OH co? a? *€0,P0" “~~ “Oo” “coe HO 08 4 
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Seeaaee veers Phospheenal- 5-Enolpytavyishikimate- hoxpnsts =f 
pyruvate 3-phesphate S| 

Fig. 2. Reaction catalyzed by 5-enolpyruvylshikimate-3-phosphate synthase, the target of glyph 3 
sate action = 
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